Abstract-We performed fetal magnetocardiography (fMCG) measurements in an unshielded hospital environment to demonstrate our developed fMCG system using two-dimensional (2D) gradiometers based on low-c superconducting quantum interference devices. The subjects were 25 pregnant women, including two subjects with twin pregnancies, or 27 fetuses, in this study. The 2D gradiometer was optimized for fMCG measurements and detected both the axial second-order gradient and planar-first-order gradient of a magnetic field. Depth of the fetal heart was also measured by using ultrasonography before fMCG measurement. As a result, the QRS peaks of the fMCG waveform were detected in real time for 15 cases including early fetal gestational periods as 24 and 25 weeks. Moreover, the P and T waves were also detected in some cases by averaging. These results demonstrate that the developed unshielded fMCG system can detect fMCG waveforms in an unshielded hospital environment.
I. INTRODUCTION

F
ETAL magnetocardiography (fMCG) is a promising diagnostic tool in terms of fetal electrophysiology. On the contrary, it is difficult to detect a fetal electrocardiography (fECG) signal through the maternal abdominal wall because of the poor conductivity of the vernix caseosa covering the fetus. Reflecting the merits of fMCG, many clinical studies using fMCG have been reported in the last decades [1] - [4] .
The fMCG measurement is usually performed by using a typical MCG system, which consists of several tens of gradiometers based on low-superconducting quantum interference devices (SQUIDs) and a magnetically shielded room (MSR), which is usually about 2.5 m per side and costs over a few hundred thousand dollars. Therefore, an fMCG system without an MSR is clinically desirable.
In response to the above background, we have recently developed an unshielded fMCG system [5] , as shown in Fig. 1 developed fMCG consists of two two-dimensional (2D) gradiometers based on two low-SQUIDs, which are the conventional Ketchen-type made of , to achieve high signal-to-noise ratio [6] .
One can easily move the cryostat in both the axial and swinging directions by operating the control panel at the side of the gantry, as shown in Fig. 1(b) . This makes it easier to adjust the pickup coils closer to the maternal abdominal wall. The thickness at the bottom of the cryostat was 9 mm to obtain large signal intensity. The size of the gantry was 1.2 m wide, 1.0 m deep, and 2.1 m high, and the total installation area of the system including the bed and other electronic devices was about 3 m 3 m, which is about one-third that of a conventional MCG system with an MSR.
II. OPTIMIZATION OF 2D GRADIOMETER
The 2D gradiometer used in this study detects both the axialsecond-order gradient and planar-first-order gradient of a magnetic field, as shown in Fig. 2 . Planar baseline , which is the planar distance between coils, is an important parameter in terms of signal intensity. The pickup loops of the two 2D gradiometers used in the fMCG system were placed orthogonally on the -plane to detect a magnetic field caused by a source current in any direction [5] .
In this section, we discuss the signal intensity of a 2D gradiometer to optimize its planar baseline. To evaluate the signal intensity obtained with the 2D gradiometer, we compared it with an axial-second-order gradiometer in terms of the signal intensity using a single current dipole model [7] . A current dipole 1051-8223/$25.00 © 2009 IEEE Fig. 2 . Schematic diagram of a 2D gradiometer used in this study. Axial-second-order and planar-first-order gradient of magnetic field is detected by the pickup coil and transferred to the SQUID via the input coil. Note that the lowest pickup loops of the two 2D gradiometers were orthogonally placed next to each other on the xy-plane in the developed fMCG system. with moment is assumed to exist at single point , and current density is defined as
Magnetic field for current dipole is therefore obtained as (2) We assumed the current dipole of a fetal cardiac muscle at 30 weeks' gestation as a magnetic source defined by at position , where the lowest pickup loop is on the -plane [8] . Fig. 3 (a) plots the component of the magnetic field on the -plane obtained with (2) . The axial baseline of both gradiometers was defined as 50 mm, and the signal intensity of the axial-second-order gradiometer was simulated, as can be seen in Fig. 3(b) . The position of the gradiometer is defined as the center of the lowest pickup loop. The maximum peak amounts to 2.8 pT at , and the minimum peak is 2.8 pT at . Fig. 3(c) plots the signal intensity of the 2D gradiometer with a planar baseline of 58 mm in the direction. The position of the gradiometer is defined as the center of the two lowest pickup loops. According to Fig. 3(c) , the maximum signal intensity of the 2D gradiometer is 5.6 pT, which is twice as large as that of an axial-second-order gradiometer. These results indicate that the maximum peak for the 2D gradiometer is twice as large as that for a conventional axial gradiometer by optimizing its planar baseline.
III. FMCG MEASUREMENTS
In this study, we used 25 pregnant women including two subjects with twin pregnancies, or 27 fetuses, for the fMCG measurements by using the developed fMCG system in an unshielded hospital environment.
We performed ultrasonography (US) measurement before the fMCG measurement to confirm the fetal status and the depth of intensity obtained by 2D gradiometer with axial baseline of 50 mm and planar (x-directional) baseline of 58 mm, which is the planar distance between the maximum and minimum peak in Fig. 3(b) on the xy-plane. Maximum peak is 5.6 pT, which is twice that of axial-second-order gradiometer.
the fetal heart (distance between the fetal heart and the maternal abdominal wall), as shown in Fig. 4 . The US system and the fMCG system were installed in the same room in the hospital. In addition, we marked the nearest position on the maternal abdominal wall from the fetal heart. After the US measurement, a doctor operated the control panel to adjust the bottom end of the cryostat closer to the marked point on the maternal abdominal wall, as shown in Fig. 5 . Note that the doctor is able to examine the subject's Fig. 4 . Ultrasonography of a fetal heart. The broken line shows the circumference of the fetal heart. Depth is defined as the distance between the fetal heart and maternal abdominal wall. status with eyes and hands during the fMCG measurement. Then, the fMCG measurement was performed for 3 min.
IV. RESULTS
QRS peaks of the fMCG waveform were detected in real time for 15 cases and undetected for the other 12 cases in this study. The mean standard deviation (SD) and range of gestation and depth of the fetal heart covered in this study are listed in Table I . The mean gestation of the total subjects was 30.4 2.9 weeks and the mean depth was 44.8 10.7 mm. According to the t-test, the mean depth of the fetal heart in the detected cases is significantly smaller than that in the undetected cases . In contrast, there is no significant difference in gestation between the detected and undetected cases . The number of cases where fMCG QRS peaks were detected or not at each range of both gestation and depth of fetal heart are also shown in Fig. 6 . Moreover, the P wave and the T wave were detected for 5 cases and 1 case respectively by averaging the detected fMCG waveform. Averaging number was typically 100-200 times.
V. DISCUSSION
Based on the experimental results, the 2D gradiometer was found to be a promising tool for measuring fMCG waveforms in an unshielded hospital environment. Previous study experimentally shows that the noise-reduction ratio of the 2D gradiometer, which depends on environmental field gradient, is about 14 dB (five times) larger than that of the axial-second-order gradiometer [6] . In addition, according to the calculation in Section II, the maximum signal intensity of the 2D gradiometer is twice larger than that of the axial-second-order gradiometer. Therefore, the signal-to-noise ratio of the 2D gradiometer is up to ten times higher than that of the axial-second-order gradiometer.
The signal intensity of an fMCG waveform generally depends on the gestation and depth of the fetal heart [9] . According to Table I and Fig. 6(b) , the signal intensity is significantly correlated with the depth. For example, the percentage of detected cases in terms of QRS peaks is 75% (6/8) when the depth is less than 40 mm, while it is 47% (9/19) above 40 mm.
It is difficult to detect the P and T waves with very small signal intensity of less than 1 pT.
The detection ratio of fMCG signal obviously depends on environmental field noise as well as subject properties. Therefore, it would still be unwise to conclude the performance of the developed fMCG system in accordance with the experimental results. Additional data are necessary to discuss the clinical efficacy of the fMCG system. It is also important to study 2D gradiometers with a minimum magnetic shield, such as an opentype magnetic shield [10] or an active compensation system [11] .
VI. CONCLUSION
We performed fMCG measurements in a hospital by using an unshielded fMCG system with two 2D gradiometers based on two low-SQUIDs. We examined 25 pregnant women including two subjects of twin pregnancies, or 27 fetuses, for the fMCG measurements. As a result, the QRS peaks of the fMCG waveform were detected in real time for 15 cases including such early fetal gestation periods as 24 and 25 weeks. Moreover, the P and T waves were also detected in some cases by averaging. These results demonstrate that the developed unshielded fMCG system can detect an fMCG waveform in an unshielded hospital environment. We believe that the fMCG system using 2D gradiometers will pave the way for fMCG to be a routine clinical tool.
